Abstract. This Topical Review presents an overview of the recent experimental results on the quantitative determination of the magnetic exchange parameters in ultrathin magnetic films and multilayers, grown on different substrates. The experimental approaches to probe both the symmetric Heisenberg as well as the antisymmetric Dzyaloshinskii-Moriya exchange interaction in ultrathin magnetic films and at interfaces are discussed in detail. It is explained how the experimental spectrum of magnetic excitations can be used to quantify the strength of these interactions.
Introduction
Although the discovery of magnetism and magnetic materials dates back to earlier than 600 B.C., only after the development of the quantum theory in the twentieth century scientists have started to understand this fascinating effect. Today the research on magnetism is one of the major topics in condensed-matter physics. Of particular interest is the magnetism in low-dimensional solids. The motivation for investigation of magnetism in low-dimensions is twofold. Firstly, from the fundamental physics point of view, it is of great interest to see how the magnetic properties of a solid change when its dimensionality is reduced from a three dimensional bulk crystal to a two-, one-and zero-dimensional object. In many cases the change of the dimensionality leads to exotic effects, which are absent in the bulk magnets. Secondly, from a technological point of view, the integration of magnetic materials in new technologies requires these materials in the form of thin films, wires or dots. As a matter of fact low-dimensional magnetic structures lie in the central point of interest in magneto-electronics.
In addition to the effects associated with the reduction of the system's dimensionality, there are other effects caused by the change of the chemical environment, which have a remarkable influence on the properties of low-dimensional magnetic solids. In practice both effects are used to tune the properties of low-dimensional magnets and to design structures with desired functionalities.
The magnetic ground state of a given magnetic object is determined by different competing magnetic interactions. As a result, various types of magnetic structures, from simple collinear ferromagnetic (FM) and antiferromagnetic (AFM) to extremely complex noncollinear magnetic structures can be formed [1, 2, 3, 4] . The formation of any kind of magnetic structure is the result of competing magnetic energies in the system, determining the ground state. Therefore it is of utmost importance to figure out which interactions compete in a given object, forming that specific magnetic ground state. One of the most important magnetic interactions is the magnetic exchange interaction between neighboring atomic moments, known as Heisenberg exchange interaction (HEI). This interaction usually governs the magnetic energy of the system and determines the ground state. A quantitative measure of the strength of HEI in low-dimensional magnets is necessary to understand and predict the ground as well as the excited states of these systems. In particular, when a system exhibits an unusual pattern of exchange parameters, which can lead to very exotic magnetic states, this knowledge is of great importance.
Another important magnetic interaction in low-dimensional magnets is the socalled antisymmetric Dzyaloshinskii-Moriya exchange interaction (DMI). It has first been shown by Dzyaloshinskii that in bulk systems with lack of the inversion symmetry there should exist a new type of interaction, different than HEI, which can explain the canted magnetic moments and hence the weak ferromagnetism, observed experimentally, in these materials [5] . It turned out that this interaction can be analytically derived when the spin-orbit part of the electronic Hamiltonian is included [6] . In the low-dimensional magnets, firstly the inversion symmetry is broken due to the presence of surfaces (interfaces), and secondly the spin-orbit coupling can be very strong, due to different chemical environment at the surfaces (interfaces). These two facts lead to a non-zero DMI, which can play a crucial role in the determination of the magnetic properties of low-dimensional solids [7, 8, 9, 10, 11, 12, 13, 14, 15, 16] .
Here we review the recent experimental results on the quantitative determination of both HEI and DMI probed in ultrathin magnetic films and multilayers. Since layered magnetic structure are the building blocks of the present magneto-electronic technology, the focus is put on ultrathin magnetic films. The Topical Review is organized as following. In Sec. 2 the basic concepts of magnetic interactions are discussed. Different energy terms are introduced and their physical origin is explained. The mathematical description of magnetic excitations is presented in Sec. 3. The experimental tools for probing these excitations are briefly introduced in Sec. 4 with special attention to the electron scattering experiments, as those are the only experiments which can address magnetic excitations in low-dimensional structures. In Sec. 5 the way of probing symmetric Heisenberg exchange interaction in layered magnetic structures is discussed in detail. It is discussed by presenting various examples that how the spectrum of magnetic excitations can be used to quantify the strength of the symmetric HEI. Section 6 is dedicated to the antisymmetric DMI and how it can be quantified by looking at the dispersion relation of magnetic excitations. A brief summary is provided in Sec. 7.
Magnetic interactions
The important magnetic interactions in a magnetic solid are: (i) the symmetric Heisenberg exchange interaction, (ii) the antisymmetric Dzyaloshinskii-Moriya exchange interaction, and (iii) the long-range dipolar interactions. In order to introduce the magnetic interactions, we start with a general mathematical description of spin-spin interactions in a classical spin system. Note that this description is purely mathematical and does not identify the microscopic physical origin of magnetic interactions. We shall discuss the microscopic physical origin of each mathematical term in Secs. 2.1 and 2.2, separably.
We consider a lattice of spins S expanded in three dimensional space. In the Cartesian coordinate S can be expressed as a matrix with components S x , S y and S z . The most general form of the bilinear spin-spin interaction in such a lattice can be written in the following form
where C is the coupling matrix which shall couple S i sitting on site i to S j sitting on site j. The negative sign is used by convention to note that the energy of the system is minimized when all the spins are aligned parallel. In linear algebra any matrix can, in principle, be decomposed into a multiple of the identity matrix plus a traceless symmetric matrix plus an antisymmetric matrix. In the following we call the components of the symmetric matrix as J ij and the ones of the antisymmetric matrix as D ij . One can therefore write J ij = −J ji and D ij = −D ji . While the symmetric part of the coupling matrix can be written in the form of scaler products of spins S i and S j , the antisymmetric part can be described in terms of their vector products. The most simplest form of the spin Hamiltonian can therefore be written as:
In the following we discuss the physical origin of these two terms.
Symmetric Heisenberg exchange interaction
The term introduced as the symmetric term in Eq. (2) is in fact the symmetric HEI and was first introduced by Werner Heisenberg at the beginning of the development of the modern theory of magnetism. Heisenberg could show that, in the case of electrons, the exchange interaction is a consequence of the Coulomb interaction between electrons and the Pauli exclusion principle and can be derived from the quantum mechanics. Although there is no classical analogue to HEI, it may be considered as the overlap of the electronic wavefunctions of two (or more) identical electrons. HEI favors a collinear ground state. If the coupling constants J ij are positive (negative), a ferromagnetic (an antiferrmagnetic) ground state is favored leading to a parallel (an antiparallel) alignment of spins [17, 18] .
Antisymmetric Dzyaloshinskii-Moriya exchange interaction
The second term introduced in Eq. (2) is the antisymmetric DMI. This interaction was first proposed by Dzyaloshinskii in 1957 . Based on symmetry arguments, he proposed this antisymmetric exchange term in order to explain the weak ferromagnetism observed in some materials like α−Fe 2 O 3 (Hematite) [5] . Almost at the same time it was shown by Moriya that, in principle, this interaction can be analytically derived by considering the relativistic spin-orbit correction in the Hamiltonian of interacting electrons [6] . DMI is essential to understand many physical properties of different systems for example spin-glasses [19] , cuprates [7] , molecular magnets [8, 9] and multiferroics [10, 15] . Unlike HEI, DMI favors a noncollinear magnetic ground state. For a system of interacting electrons one can show that DMI is a consequence of the relativistic spinorbit coupling and absence of the inversion symmetry in the system. For the systems with inversion symmetry this term vanishes. In the case of ultrathin magnetic films the presence of the surfaces and interfaces breaks the inversion symmetry. Hence one would expect that DMI is active in such structures and may lead to very exotic ground states [11, 12, 13, 14, 15 ].
Dipolar interaction and magnetic anisotropy
In principle a spin sitting on a lattice site can be coupled to the magnetic stray field generated by the other spins located in longer distances, describing a long-range spinspin interaction. Although this term is similar to HEI, as far as the symmetry is concerned, it has a very different nature than HEI. The dipolar interaction is given by
where r ij represents the displacement vector of spins S i and S j , located at r i and r j , respectively. This interaction is much weaker than the HEI and is usually responsible for the demagnetizing field and formation of ferromagnetic domains in ferromagnets.
The classification of spin-spin interactions described above is based on two important assumptions (i) the spins (magnetic moments) are considered as rigid entities, and (ii) only the bilinear terms are considered.
In the case of 3d ferromagnets, however, the magnetism is attributed to the itinerant electrons. One may raise the question: How the spin Hamiltonian described above can be applied to such systems. Although in itinerant ferromagnets the magnetism is caused by itinerant electrons [20] , one may consider that the electrons are partially localized on atoms. This allows one to define the atomic magnetic moment. By associating a magnetic moment (spin) to each atomic site one can use the above mentioned treatment. Such a treatment may not provide the full description of the underlying physics. It, however, provides a way of estimating the strength of the magnetic interactions among different magnetic moments in the system. An expansion of Eq. (1) beyond the bilinear interaction of spins is certainly possible. This would lead to additional terms which are proportional to S 4 , S 6 and so on. One can show that those type of interactions are of symmetric type. However, they are much weaker that the HEI. In some cases it is necessary to consider those terms to correctly describe the magnetic properties of the system [21, 12, 22] . Since we do not treat them in the present review, we do not discuss them further.
Magnetic excitations

Magnetic excitations within the localized moment picture
The spin Hamiltonian discussed above describes both the ground as well as the excited state of a spin system. The bosonic excitations describing the collective excitations of the system are magnons. Mathematically they are the eigenstates of the spin Hamiltonian. They may be described as the wave-like excitations caused by the precessional spins about the equilibrium direction. The hallmark of a magnon is its total angular momentum, which is 1 . This unique property of magnons makes the identification of magnons possible, among all other excitations in solids.
In order to derive an equation for the magnon dispersion relation one needs to calculate the eigenvalues of the spin Hamiltonian. This can either be done by using classical dynamics (see for example Ref. [23] ) or by the so-called Holstein-Primakoff approach (see for example Refs. [24, 25, 26] ) for any system of interest. Since the symmetry of the system and the arrangement of spins is very important in the spin Hamiltonian given in Eq. (2), it is not possible to derive a general equation for the dispersion relation. For each system of interest one has to solve the equations separately, considering the geometry of the system. In the case of a cubic lattice with only one magnetic atom in the unit cell the dispersion relation of the symmetric HEI can be written as:
where ε is the magnon energy, k, h and l are the numbers of nearest, second nearest and third nearest neighbors, respectively, S represents the magnitude of spin, J n , J 2n and J 3n are the symmetric Heisenberg exchange coupling constants between the nearest, second nearest and third nearest neighbors, Q is the magnon wave vector and R, R and R represent the position vector of the respective neighbors. For the limit of small wave vectors the magnon energies can be approximated by ε = D HEI Q 2 , where D HEI is the well-known magnon stiffness coefficient and is given in the units of meVÅ 2 (or THzÅ 2 ). Equation (4) indicates that the symmetric HEI leads to a fully symmetric magnon dispersion relation. This means that by reversing the sign (the direction) of Q the magnon energy remains unchanged i.e., ε(Q) = ε(−Q). In addition, it is rather straightforward to see from Eq. (4) that reducing the dimensionality of the system can lead to substantial changes in the magnon dispersion relation. For example, if the dimensionality of a 3D bulk ferromagnet is reduced to a 2D system, one would expect a drastic change in the magnon dispersion relation, due to the fact that the number of neighbors is changed.
In the case of layered structures composed of m atomic layers one expects m magnon modes. The dispersion relation of the symmetric HEI can be calculated by starting from Eq. (1) and finding the solution of the following matrix equation:
Equation (5) implies that for a slab composed of m atomic layers one should observe m different magnon modes. There will be two magnon modes which are lower in energy with respect to the others. Those modes are formed due to the lower coordination number of spins in the top and bottom layers of the slab. At Q = 0 these two modes are separated by ε(Q = 2π/m) in energy. They degenerate in energy at high wave vectors, close to the zone boundary, if the same values of exchange constants are considered at the top and bottom layers. The quantities A i represent the amplitude of the eigenvectors. It is apparent from Eq. (5) that this quantity depends on the exchange constants as well. For a given magnon mode A i varies from one layer to another. Therefore this quantity might be considered as the contribution of each layer to that particular magnon mode. For example the two lowest-energy magnon modes have the largest amplitude of the eigenvectors in the top and bottom layers. This means that these modes are localized at these two layers. If these two layers are magnetically identical it is not possible to distinguish between them. However, if the layers are magnetically different (the exchange constants in the layers are different) the degeneracy of these two low energy magnon mods breaks and one can associate a mode to each layer.
The lowest in energy magnon mode, which satisfies the Goldstone criteria ε(Q = 0) = 0, is the so-called "acoustic mode". The higher energy magnon modes are the so-called "optical modes", which possess a finite energy at Q = 0, in analogy to the phonon modes in solids. Now we consider the DMI term in the analysis of magnon dispersion relation. The energy associated with this interaction can be expressed as [27, 28] :
Here c is the so-called chirality rotation index and is defined with respect to the direction of the easy axis (being +1 for right rotating sense and −1 for the left rotating one), θ denotes the relative angle between spins and the direction of the easy axisê, D 1 , D 2 and D 3 are the DM vectors of the nearest, second nearest and third nearest neighbors, respectively, R, R and R represent the position vector of the respective neighbors. Equation (7) implies that only the components of the DM vector parallel to the easy axis contribute to the magnon energies. It is apparent that for the limit of small wave vectors this term can be approximated by D DMI Q,
be called the DMI induced magnon stiffness constant and is given in the units of meVÅ 1 (or THzÅ 1 ). Note that this quantity is somewhat different than the well-known magnon stiffness coefficient associated with the HEI.
For a thin ferromagnetic film in the presence of a large spin-orbit coupling and in the absence of the inversion symmetry both the symmetric exchange interaction and the antisymmetric DM interaction are active. In this case the resulting magnon dispersion relation will include the term introduced in Eq. (4) and also the one introduced in Eq. (7) . As a result the dispersion relation will be asymmetric with respect to Q, meaning that ε(Q) is no longer equal to ε(−Q). We will come to this point in Sec. 6.
As discussed above the dynamical response of the magnetic system includes all the interactions within the system and hence probing the dispersion relation would lead to an unambiguous determination of both HEI and DMI. In particular in the case of low-dimensional ferromagnets, where it is expected that these interactions are totally different than the bulk, probing of these quantities is of utmost importance for understanding their properties. We will show in Secs. 5 and 6 by showing various examples how this can be done.
It is worth mentioning that a precise determination of these fundamental interactions is only possible when the dispersion relation is measured over a wide range of Q. This means that only the experimental techniques enabling the measurement of magnetic excitations over a large fraction of the Brillouin zone are appropriate for such studies.
Magnetic excitations within the band formalism
Based on the band theory of magnetism, in a ferromagnetic metal the degeneracy of the electronic bands is lifted due to the electron-electron interactions [29, 30, 31, 26, 32] This degeneracy breaking leads to a splitting of the electronic bands for majority and minority electrons by the so called "exchange energy". In the case that the Fermi-level is located between the lower (majority) and higher energy (minority) bands, it results a net spin polarization, which explains the ferromagnetic state of the system. This spinsplit bands across the Fermi-level can, in principle, lead to the possibility of a singleelectron excitations across the Fermi-level. For instance an electron from an occupied majority band jumps to an unoccupied state in the minority band after reversing its spin. This process leads to the formation of an electron-hole pair (Stoner pair) with the angular momentum of 1 . It is important to notice that Stoner excitations can occur over a relative large area of the Brillouin zone. From the band picture of magnetism the magnons can be described as a coherent superposition of Stoner pairs. The wavefunction of a magnon is a linear superposition of the wavefunctions of electron and hole states forming that particular magnon state. This main difference between localized moments ferromagnets and itinerant electron ferromagnets leads to the fact that in the latter case the collective magnon modes dissipate into single particle Stoner excitations. As a result magnons in itinerant ferromagnets possess a very short lifetime. The decay of magnons into Stoner excitations which is usually called Landau damping depends strongly on the available Stoner states in the same energy region as magnons. Note that in ultrathin ferromagnets grown on a substrate the location and the shape of the Stoner density of states depends also on the degree and the type of electronic hybridizations between the film and substrate [33, 34, 35] .
As mentioned above, although in itinerant ferromagnets the magnetism is caused by the itinerant electrons, one may consider that the electrons are partially localized on atomic sites. This allows one to associate a magnetic moment to each atomic site. The wave-like excitations of these magnetic moments that propagate through the solid show collective properties. Again in this case it is possible to describe the magnons by a Heisenberg type of Hamiltonian. In such a case the pairwise interactions of magnetic moments are regarded as effective interactions which couples the moments.
Probing magnetic excitations
Magnetic excitations can be investigated by various scattering techniques e.g. inelastic neutron, x-ray and electron scattering techniques. In the following we shall briefly mention the physical principles behind each of these techniques.
Probing magnetic excitations by neutrons
When neutrons are scattered from a magnetic material they can excite magnetic excitations. In the inelastic neutron scattering (INS) a neutron beam with a given energy is scattered from the sample and thereby the magnetic excitations are excited. The scattered neutron carries all the information regarding the wave vector and energy of the created magnon. The spin of the incoming neutron interacts with the magnetic moment of the unit cell and excites magnons in the material. The physical interaction which leads to the magnon excitation is of pure dipolar nature (spin-spin interaction i.e., the dipolar interaction between the neutron's spin and the magnetic moment of the unit cell). Since this interaction is rather weak, INS does not allow probing magnons in low-dimensional magnets. The technique has been extremely successful for probing the dispersion relation of magnetic excitations in various bulk magnetic materials [36, 37, 38] .
Probing magnetic excitations by photons
Magnons can be excited by inelastic scattering of light from a magnetic sample. In Brillouin light scattering (BLS) experiments, the magnons are excited and probed by photons. The frequency shift of the incoming photon is measured after the scattering. The coupling mechanism behind the excitation of magnons is the modulation of the dielectric constant of the material with light via the magneto-optical effects. When a photon is incident to a magnetic material, due to the magneto-optical effects, a phase grating is generated by a magnon. This phase grating propagates in the material with the phase velocity of the magnon. Consequently, when the light is scattered from this phase grating, its frequency is Doppler-shifted by the frequency of the magnon [39, 40, 41, 42] .
BLS can be used to investigate the magnons with small wave vectors near the center of the Brillouin zone. In order to probe the magnetic excitations with large wave vector, one may use the resonant processes. This is the basis of resonant inelastic x-ray scattering (RIXS) [43] . As the direct interaction between the photon and the electorns' spin via the magnetic part of the electromagnetic field is extremely small, a direct photon-electron interaction is not efficient. Therefore, one may take advantage of resonant process of photon absorption. In RIXS an x-ray photon is inelastically scattered from the sample and the energy, and polarization change of the scattered photon is measured. In RIXS the energy of the incident photon is tuned such that it matches to one of the x-ray transition edges of the material. The resonance process has the following advantages. First, it can greatly enhance the cross section of the inelastic light scattering. Second, one can excite and probe the magnetic excitations of a complex multi-element crystal in an element selective manner. Third, since the resonant process involves the core electrons, one takes the advantage of the large spin-orbit coupling of core electrons and efficiently transfer the photon angular momentum to the spin system. It has been shown that this technique can be applied to complex bulk samples, mainly magnetic oxides [43] .
Probing magnetic excitations by spin-polarized electrons
Magnetic excitations can be excited very efficiently by means of spin-polarized electrons [35, 44, 45, 46, 47, 48, 49, 50] . In the spin polarized electron energy loss spectroscopy (SPEELS) a low-energy electron beam with a well-defined energy and spin polarization is scattered from the sample surface and the energy loss (gain) of the scattered electrons is measured. In a ferromagnetic sample with a defined magnetization, magnons can be excited (annihilated) by incidence of minority (majority) electrons via a spin-flip process, as a magnon possesses a total angular momentum of 1 . Analysis of the spectra recorded for different spin polarizations of the incoming electron beam (parallel and antiparallel to the sample magnetization) leads to the identification of magnons. At the first glance one may think that the SPEELS technique provides the same information as INS. This is in fact not true, as the fundamental principles of these two techniques are different. The excitation process in SPEELS is mediated by the quantum mechanical exchange interaction, which is of a pure Coulomb nature and not on the magnetic dipole interaction as in INS. Since the interaction of electrons with the matter is very strong (much stronger than the neutron-matter interaction), this technique is extremely sensitive and can be used to measure the magnons in an ultrathin film with the ultimate thickness i.e. one (or even sub) atomic layer [48, 51, 35] . This makes the SPEELS technique a unique method for probing collective excitations at surfaces and in lowdimensional solids.
Similarly, inelastic scanning tunneling spectroscopy (ISTS) has also been successfully used to investigate the collective spin excitations in thin films with a high energy and spatial-resolution [52, 53, 54, 55] . Unlike SPEELS, the technique cannot be used to excite and investigate these excitations in a wave vector selective manner. While SPEELS enables one to measure the dispersion relation of collective excitations with a high momentum and energy resolution, ISTS provides the excitation spectra with a high energy and spatial resolution.
Probing the Heisenberg exchange interaction in ultrathin ferromagnetic films
Fe monolayer on W(110)
The most straightforward way to probe the interfacial exchange interaction is to probe the magnon dispersion relation of a magnetic monolayer. The SPEELS technique has opened such a possibility. Fe monolayer on W(110) has been chosen as a prototype system. The advantage of Fe(110) monolayer on W(110) is that it grows psudomorphically with rather large smooth traces of one atomic layer height. In addition, the system exhibits a high thermodynamic and chemical stability. This means that the Fe and W atoms at the interface do not mix with each other, forming a complex interface. As the interface is very sharp, the system can be regarded as a model system. The Curie temperature of Fe monolayer on W(110) is about 223 K [56, 57, 58] .
The magnon dispersion relation of a ferromagnetic monolayer has first been measured at 120 K [48] and later on at 10 K [51] . The results of those experiments are summarized in Fig. 1 and are compared to the room temperature magnon dispersion relation of bulk Fe, measured by INS [59] . At the first glance one observes that the magnon dispersion relation in the Fe monolayer is very much different than the one of the bulk Fe. The "soft" magnons in the case of Fe monolayer on W(110) may be caused by two different reasons. (i) The first reason might be the reduction of the number of nearest neighbors. As it is apparent from Eq. (2) the magnon energies depend strongly on the symmetry of the system and also on the number of the neighboring spins. (ii) The second reason might be that the HEI at the interface is substantivally different than the one of the bulk Fe. It will be shown in the following that this is indeed the case.
Fitting the INS data measured by Lynn and Mook [59] with the bulk dispersion curve results in a value of about J n S = 13.2 meV if one sets the higher order terms to zero and J n S = 8.9 meV if one assumes J 2n = 0.6J n S and J 3n = J 4n S = ... = 0. Similarly, by starting with Eq. (4) one can derive the following equation for the magnon dispersion relation of the Fe(110) monolayer: 
Using the values obtained for bulk Fe one fails to explain the experimental magnon dispersion relation [see Fig. 1 
Heisenberg exchange coupling constants can be calculated from first principles. There are a few numerical schemas for calculating the Heisenberg exchange parameters. In all calculations one starts with the ab initio calculations of the electronic structures of the system. The pairwise HEI between the magnetic atoms are then calculated based on adiabatic approximation (for a summery of different schemes for calculating the magnon dispersion relation and more detail on technical implementations see for example section 5.1 of Ref. [50] and references therein). Such calculations for ferromagnetic films on a nonmagnetic substrate have revealed that the Heisenberg exchange coupling constants at interfaces are very much different than the corresponding bulk values. A summary of the calculated Heisenberg exchange coupling constants for Fe monolayer grown on W(110) is provided in Tab. 1. The origin of this difference lies in both the reduction of the dimensionality of the system and also the effects associated with the presence of the W(110) substrate. It has been shown that the main source of this difference is the strong electronic hybridizations at the interface of Fe with W which hinders the overlap of the electronic wavefunctions of neighboring magnetic atoms and leads to a weaker 
Experiment at 120 K [48] 12.1 ± 1 set to 0 set to 0 set to 0 set to 0 Experiment at 10 K [48] 14.3 ± 1 set to 0 set to 0 set to 0 set to 0 Experiment at 10 K [51] 13.2 ± 1 −9.9 ± 1 - [48, 60, 66] . It has been observed in most of the calculations that in contrast to the bulk Fe the exchange constants in the Fe monolayer on W(110) are rather long range. This means that the interactions beyond nearest and next nearest neighbors are important to be considered when describing the magnon dispersion relation. The exchange interaction can in some cases be of antiferromagnetic character (negative exchange constant). Most of the calculations predict that the next nearest neighbor coupling constant is of antiferromagnetic character (J 2n < 0). One may try to adopt the calculated dispersion relation to the experimental one [see Fig. 1 (b) ]. Assuming a negative value for J 2n , one can fit the experimental data rather good with Eq. (8) . The results of such analysis are listed in Tab. 1 and are compared to the results of first principles calculations.
The negative exchange coupling constant shall, in principle, have a direct impact on the magnon dispersion relation. In the case of the Fe(110) monolayer, due to the symmetry of the system, in the equation derived for the magnon dispersion relation along theΓ-H some terms do not appear and some other cancel each other §. Therefore it is § For instance the term including J 3n does not appear in the magnon dispersion relation due to symmetry of the bcc (110) surface. In addition, the terms including J 2n and J 5n are almost identical, meaning that a negative J 2n is easily compensated by a positive J 5n . Since J 5n describes the coupling not easy to directly see the consequence of the antiferromagnetic HEI on the dispersion relation. We will discuss in Sec. 5.7 that in the case of the bcc(001) surface the influence of the antiferromagnetic HEI on the magnon dispersion relation can be easily seen by looking at the magnon dispersion relation, in particular at the high symmetry points.
Fe bilayer on W(110)
The Heisenberg exchange couplings discussed in Sec. 5.1 are confined in the plane of the Fe monolayer. It is of great interest to see how the pattern of the Heisenberg exchange coupling constants changes when a second layer of Fe is deposited on top. First principles calculations predict that the pattern of the exchange interaction changes drastically when the second Fe layer is added on top. Analyzing the experimental magnon dispersion relation may help to prove this prediction. Fitting the measured magnon dispersion relation of the Fe bilayer on W(110) with the Heisenberg model is a difficult task, as one has to deal with too many unknown parameters. For each atomic layer there are n unknown exchange parameters. In addition the coupling of layers has to be described by additional parameters. In our analysis we use the between the atoms located at a larger distance compared to J 2n , its magnitude should, in principle, be smaller. However the number of the fifth neighbors are two times larger than the second nearest neighbors (see Fig. 1 (9)) including only an isotropic nearest neighbor coupling ( J n = J ⊥ n and J N n = 0 ). The dashed curve represents the case where an isotropic nearest neighbor coupling is taken into account and the higher order terms are also included ( J n = J ⊥ n and J N n = 0.6 J n ). The solid curve represents the case in which the inter-and intralayer exchange constants are not the same and the higher order interactions are also taken into account ( J n = J ⊥ n and J N n = 0.6 J n ). The resulted exchange coupling constats are listed in Tab. 2. 14.6 -following simplifications. The nearest neighbors coupling in each layer is put into an "effective intralayer coupling" J n . Similarly, the term describing the coupling between the two layers is considered as an "effective interlayer coupling" J ⊥ n . The higher order interactions are considered as an effective interaction, which may in turn include several terms. Starting with Eq. (5) one can derive the following equations for the magnon dispersion relation of the Fe(110) bilayer (a slab including two atomic layers of Fe(110)):
The superscript (⊥) in Eqs. (9) and (10) indicates the coupling in the same atomic plane (between different atomic planes) which is usually referred to as intralayer (interlayer) coupling. Equation (9) satisfies the Goldstone theorem and is the acoustic magnon mode of the system. Results based on the fitting of the measured magnon dispersion relation with Eq. (9) are presented in Tab. 2. As it is expected, the value of J n is larger than the nearest neighbor interaction J n of the Fe monolayer. This is because this value is the average value of J n of the surface and interface layers. The value of J ⊥ n is larger than the one of J n , because the interatomic distances between atoms from two layers is smaller than the one of the atoms form the same layer.
Smaller interatomic spacing means a larger overlap of the electronic wavefunctions and consequently a stronger HEI.
It is important to mention that in the analysis presented in Fig. 2 DMI is not taken into account. It will be shown in Sec. 6 that DMI has its consequence on the breaking of the symmetry of the magnon dispersion relation (see Sec. 6).
Fe and Fe/Co multilayers on Ir(001)
As discussed in Sec. 3.1, based on Eq. (5) one can show that if the exchange parameters in different layers are different, the amplitudes A i of each magnon mode will be different in each layer.This is a very common situation in layered structures due to the fact that the atomic environment of the surface and interface atoms is drastically different from the one of the atoms located in the inner part of the film. In addition, due to the epitaxial growth the distances between layers can vary when moving from the interface towards the surface. Consequently different exchange parameters are expected for atoms sitting in different layers (the exchange parameters become layer dependent). In particular, for the atoms sitting in the interface layer the exchange parameters can be very much different than those of the atoms sitting in the other layers. As a result the pattern of the magnetic exchange parameters across the film can be very complicated. In many combinations of 3d ferromagnetic films with nonmagnetic substrates HEI in the layer adjacent to the substrate is weaker than the one in the surface layer. This is a consequence of the electronic hybridizations of the 3d electronic states of the first atomic layer of the ferromagnetic film with the substrate states. This fact has an impact on the magnon dispersion relation. In such a case the lowest-energy magnon mode of the system has the largest spectral weight when it is projected into the interface layer. One may say that the lowest-energy acoustic magnon mode is mainly localized at the interface. In a classical picture, this means that the precessional amplitude of the moments forming this particular magnon mode has its maximum value when it is projected into the interface layer. Hence by probing this lowest-energy magnon mode one can quantify the Heisenberg exchange parameters in the interface layer. Such an approach has been used to probe the exchange parameters in epitaxial Fe films and Fe/Co multilayers grown on the Ir(001) and Rh(001) substrates [69] .
The dispersion relation of the lowest-energy magnon mode measured by SPEELS on a 6 ML Fe film on Ir(001) is presented in Fig. 3 (a) by open circles. Comparing to the results of Fe bilayer on W(110), presented in Fig. 2 , one recognizes that the magnon energies are lower in the present case. In particular the magnon energies along theΓ-M direction are about half of the values measured in the case of Fe bilayer on W (110) . One may try to model the system by using a Heisenberg model. However such an attempt does not lead to reliable results, as one has to deal with a large number of unknown parameters. In this case ab initio calculations are very useful for quantifying the values of the exchange parameters. A comparison of the measured magnon dispersion relation to the results obtained by means of ab initio calculations leads to the determination of the exchange coupling constants. In Fig. 3 (a) all the modes predicted by the adiabatic magnon calculations are shown. The lowest energy mode (the acoustic mode) fits very well to the experimental data. In order to figure out whether this mode is formed due to the weak HEI at the interface one way would be to calculate the Bloch's spectral function. The amplitude of the dynamic susceptibility is directly proportional to the amplitude of the eigenvectors (A i in Eq. (5)). When the susceptibility Bloch's spectral function is projected into the interface layer it can be regarded as the contribution of the interface layer to the magnon modes of the system. Figure 3 (b) shows the projected susceptibility Bloch's spectral function projected into the interface layer. At the zone centerΓ point (Q = 0) the interface layer contributes identically to all magnon modes of the system. The contribution of the interface layer to the lowest energy mode becomes larger as one goes from theΓ point towards the zone boundaries. At theX-point and along theX-M direction the interface layer contributes only to the lowest energy mode, meaning that this part of the magnon spectrum is an interface part. If one performs similar calculations for a free-standing slab composed of 6 layers of Fe (001) observe again 6 magnon modes. The two lowest energy modes will degenerate in energy at the high symmetryX andM points. In addition, since in this case the surface and interface layers are equivalent the spectral weight of the two low-energy modes projected into the surface layer will be identical to the one projected into the interface layer. In the case of real systems (ferromagnetic film grown on the a nonmagnetic substrate) the presence of the substrate breaks the degeneracy of the two low-energy magnon modes and leads to the formation of a mode which is lower in energy. This lowest-energy mode originates from the interface layer, where the exchange coupling constants are smaller. The exchange coupling constants predicted by the ab initio calculations are shown in Fig. 3 (c) . As it is apparent from Fig. 3 (c) , the pattern of the exchange interaction in the Fe/Ir(001) system is very complicated. The exchange parameters are strongly layer dependent. While the interlayer coupling for all layers is strongly ferromagnetic, the intralayer exchange coupling at the interface is very weak. The values of the exchange constants at the interface are very small and in some cases negative, meaning that the Fe monolayer grown on Ir(001) has a tendency to be ordered antiferromagnetically. In order to ensure that it is the interface mode which has been observed in the experiment one may grow an Fe monolayer on the Ir(001) surface and cover it by Co layers. It is well known that the magnon energies in the case of Co thin films are at higher with respect to Fe layers [45, 70, 71, 72, 73, 74, 75, 76, 77] . Hence if a similar low energy magnon mode is observed in the experiment, one can make sure that this mode is in fact formed at the interface Fe layer. The experimental magnon dispersion relation measured for a multilayer composed of one monolayer of Fe buried under 2 and 3 layers of Co is presented in Fig. 4 . The magnon energies are very similar to the case of 6 ML Fe on Ir(001). This is a clear hint that the low energy magnon mode observed in the experiment is indeed an interface mode. In the same way as discussed above the magnon dispersion relation is calculated by means of ab initio theory. The calculated magnon modes and the Bloch's spectral function projected into the interface layer are presented in Fig. 4 (a) and (b) , respectively. The values of the exchange coupling constants are depicted in Fig. 4 (c) . The calculated Bloch's spectral function indicates that the low-energy acoustic magnon mode is mainly an interface mode. Again in this case the exchange coupling constants at the interface Fe layer are very small. Remarkably, the nearest neighbor intralayer exchange coupling constant is negative, meaning that this interaction is of antiferromagnetic character. We will discuss this point in greater detail in Sec. 5.7.2.
It is worth mentioning that for both 6 ML Fe/Ir(001) and 2MLCo/1MLFe/Ir(001) systems more than one magnon mode has been detected in the experiment. The attention is paid to the lowest-energy mode, as it is relevant for further considerations. In the case of 2MLCo/1MLFe/Ir(001) the second magnon mode is very obvious and can be assigned to the surface Co layer. An example of the SPEELS difference energy-loss-spectra recorded on this system is presented in Fig. 5 . In the SPEELS experiments the spectra are usually recorded for two possible spin orientations of the incoming electron beam [44, 45, 67, 48, 50] . The conservation of the angular momentum during the scattering prohibits magnon excitations for incoming electrons with a spin polarization antiparallel to the sample magnetization. Only electrons having spin parallel to the sample magnetization can excite magnons (see Sec. 4.3). This fact leads to peaks in the difference spectra, defined as I Diff. = I ↓ − I ↑ , at particular loss energies where the magnons are excited. The spectrum shown in Fig. 5 is recorded at a wave vector of Q = 0.5Å −1 in the midway ofΓ-X. As one may notice from the data shown in Fig. 5 the energy of the mode associated with the surface Co layer (the second mode shown in Fig. 4) is overestimated in the adiabatic calculations shown in Fig.  4 . This is a general observation. In the case of Co layers the magnon energies of all magnon modes measured in the scattering experiments are lower in energy compared to the results of the adiabatic calculations (as well as the dynamical calculations) [45, 70, 71, 72, 73, 74, 75, 76, 77] . In the experiments energies of up to 250 meV are observed for the acoustic magnon mode, whereas the calculations predict energies of up to 500-600 meV. One of the possible explanations might be that the underlying electronic structures of Co films are not correctly described by density functional theory (DFT), as the correlation effects may not be fully captured within this framework (see Sec. 5.4 for more discussions on the exchange parameters in Co films). In the case of Fe films, however, ab initio DFT calculations provide a very good estimation of the magnetic exchange parameters. Furthermore, the dynamical calculations based on the same Kohn-Sham potentials predict perfectly the lifetime of excitations in such films [33, 49, 35] .
Note that this problem that DFT based calculations do not precisely predict the exchange parameters in Co layers does not alter the validity of the method explained above (the values might be overestimated by 15% [75] ). As discussed in Sec. 3 even with a very simple model one can show that the spectral weight of the lowest-energy magnon mode of a film composed of a few atomic layers has the largest amplitude in the layer, in which the exchange parameters are smaller. The fact that the exchange interaction in the Fe layer is much weaker than the one in Co layers on top is justified by both theory and experiment. The dispersion relation of the acoustic magnon mode of the 2MLCo/1MLFe/Ir(001) system shows very low energies, only up to 110 meV at theX-point and about 92 meV at theM-point (see Fig. 4 ). Such a low-energy magnon mode is an indication of a weak exchange interaction in the buried Fe layer. As the exchange interaction in this layer is very weak, the spectral weight of this lowest-energy mode should have its maximum when it is projected into this interface Fe layer. The pattern shown as Bloch's spectral function of magnons in Figs. 4 (a) and (b) remains nearly unchanged when the values of exchange parameter in Co layers given in Fig. 4 (c) are reduced by 85%. The position of the lowest-energy magnon mode remains also unchanged. Probing of this mode provides all the necessary information regarding the magnetic exchange parameters in the Fe layer.
Co films on Cu(001) and W(110)
The first attempt of estimating the magnetic exchange interaction in Co films was done when the magnon dispersion relation of fcc and hcp Co films could be measured by SPEELS [45, 78, 79, 80, 47] . It was realized that magnon energies measured in the experiment are smaller than the values calculated by theory. However, the measured magnon dispersion relation of both fcc and hcp films could be well described by the simple nearest neighbor Heisenberg model, assuming an isotropic HEI. This assumption has resulted in a value of J n = 15 ± 0.1 meV, very close to the value of bulk Co measured earlier by INS experiments. The magnon mode observed in the experiment was attributed to the surface Co layer and it was discussed that "it cannot be ruled out that the peak contains an unresolved optical mode of significant lower intensity, since the peak shape is slightly asymmetric" [45] . More recent experiments by means of EELS could confirm that at low wave vector region the two lowest-energy magnon modes are well-separated and can be resolved [73, 74, 75, 76, 77] . The spectra in the region of low wave vectors were measured with a higher energy resolution, while at higher wave vectors the same resolution as in Ref. [45] was used to record the data. At the high wave vectors, energy of the two lowest-energy magnon modes is very close to each other so that they cannot be separated. Attempts have been made to separate the different magnon modes of Co films using a simple classical models based on the finite mean free path of electrons [74] . However, a precise separation of different magnon modes requires an unambiguous description of the scattering intensity. A complete consideration of the inelastic electron scattering processes, leading to the creation of magnetic excitations, together with the corresponding scattering matrix elements are needed in order to describe the intensity of the SPEELS spectra. Unfortunately, such a theory does not exist at the present time.
Experiments on Cu and Ni covered Co films have shown magnon energies which are just slightly smaller than the case without capping layer [76] . Simple analysis based on the nearest neighbor Heisenberg model have revealed that the value of J n S is reduced by 10 and 15 %, when an 8 ML Co film is covered by Cu and Ni, respectively. The reduction of J n S may be due to the weaker exchange interaction and/or the reduced magnetic moment. The surface magnetic moment is usually larger than the interface one [81] . It is also larger than the one of the atoms located in the inner part of the film. For instance the Co magnetic moment at the fcc(100) or hcp(0001) surfaces is by 15% and 7% larger than the bulk moment. It reaches the bulk value already in the first, latest in the second layer below the surface [81] . The surface magnetic moment is usually suppressed when a capping layer is added. In addition to that, effects due to the intermixing caused by the formation of the alloys when the capping material is introduced cannot be excluded. Therefore, it is not straightforward to attribute the reduction of J n S to the weakening of the Co-Co exchange interaction at the interface only. If one assumes that the surface magnetic moment is unchanged while capping the Co film (which is not a correct assumption) one would realize that the exchange interaction of Co atoms at the interfaces are weaker than the one at the surface. The fact that the exchange parameters at Co/Cu interface is just slightly smaller than the ones at the Co/vacumme interface has been observed in different calculations [70, 82, 33, 69, 68, 83] . For the case of Fe, however, it has been observed that the exchange parameters at the surface and interface can be entirely different. The surface and interface exchange parameters can even exhibit different signs (the origin of this effect is discussed in Secs. 5.7.1, 5.7.2, 5.7).
In Ref. [75] it has been suggested that the layer-resolved exchange coupling in Co films can be tested by analysing the dispersion relation of the two low magnon modes of the system at small wave vectors. An EELS spectrometer has been used to probe the dispersion relation of the acoustic and the first standing mode of Co layers of different thicknesses grown on Cu(001). The dispersion relation of the measured two lowest-energy magnon modes are compared to the results of the adiabatic calculations [68, 70] . It has been observed that both the calculations with a large interlayer coupling by Bergqvist et al., [68] as well as a simple nearest neighbor Heisenberg model, assuming an isotropic exchange parameter, can explain the experimental data. Note that in order to have a good agreement between theory and experiment, the calculated exchange parameters from first principles [68] are down-scaled to 85% of their values. Interestingly, the confined magnon modes of Co films have also been probed by ISTS [55] . The measurements are performed for different thicknesses of Co films from 3 to 9 ML. Figure 6 provides a comparison between the results of ISTS and the ones of adiabatic calculations [68] . The experimental dispersion relation shows a good agreement with the results of DFT calculations of Co films [55] and also the calculations performed for bulk Co [84] . Note that ISTS probes the magnons with the wave vector perpendicular to the surface (the horizontal axis in Fig. 6 represents the wave vector perpendicular to the film surface).
FePd alloy films on Pd(001)
In the above discussion we have only considered ferromagnetic films with identical magnetic atoms. Now one may raise the question: How the pattern and the values of the Heisenberg exchange coupling constants change when one replace some of the magnetic atoms with nonmagnetic ones? The answer to this question would also shed light on the origin of ferromagnetism in metallic alloys, in particular to unreveal the question how the ferromagnetism evolves when one starts with a nonmagnetic lattice and dope it with ferromagnetic atoms? Investigation of magnetic excitations as a function of doping can provide detailed information regarding the evolution of HEI in alloys. For this purpose different amount of Fe atoms are deposited on a clean Pd(001) surface. The sample is annealed at 400 K to allow the interdiffusion of Fe atoms into the topmost Pd layer. This treatment leads to the formation of a two atomic layer thick Fe x Pd y film. If the initial coverage of Fe is one atomic layer, a two atomic layer thick Fe 50 Pd 50 film will be formed [85] . Figure 7 shows the magnon dispersion relation probed by SPEELS on samples with The magnetic exchange parameters, calculated by means of the magnetic force theorem [86] for both systems are listed in Tab. 3. A numerical scheme based on the coherent potential approximation (CPA) [87, 88, 89, 90] has been used. It is well-known that CPA properly accounts for the alloy properties. For the case of the Fe monolayer, the HEI is confined in the plane of the monolayer. When Fe and Pd are interchanged, forming two atomic layers of FePd alloy, the interaction between the atoms sitting in different layers becomes important. Hence, both the pattern and the magnitude of the exchange coupling constants change. Ab initio calculations reveal that while the Fe-Fe intralayer interaction in the interface layer is very similar to that of the Fe monolayer on Pd(001), the Fe-Fe interlayer interaction is rather large (see Tab. 3). As a result, the magnon energies in the alloy film are higher than the ones in the Fe monolayer. Since the sample is not a perfect random alloy, some disagreements with the results of the ab initio calculations are expected. Similar to the Fe monolayer on W(110), the exchange interaction in the Fe monolayer on Pd(001) is rather long range, meaning that the interactions beyond nearest neighbor are not negligible. Calculations indicate that the Fe-Fe exchange parameters are considerably larger than the Fe-Pd and Pd-Pd exchange parameters. The intralayer exchange parameters in different layers are also different. The origin of this difference lies in the stronger electronic hybridization of the interface layer with the substrate, as discussed in the previous section. This hybridization is not as strong as the one of the Fe/Ir interface. The first nearest neighbors Fe-Fe intralayer exchange parameter in the interface layer is about 14.9 meV, very similar to the one of the Fe monolayer (15.2 meV). The second nearest neighbors Fe-Fe intralayer exchange parameter in this layer is about 4.3 meV which is larger than the one of the Fe monolayer (0.4 meV). The third nearest neighbors intralayer exchange parameter is negative for both cases. The first nearest neighbors Fe-Fe intralayer exchange parameter in the surface layer is larger than the one in the interface layer. While the first nearest neighbors Fe-Fe interlayer exchange parameter which couples the Fe atoms from different layers is positive and rather large (23.1 meV), the second, third and fourth nearest neighbors interlayer exchange parameters are rather small and have a negative sign.
The Fe-Pd and Pd-Pd exchange parameters are much smaller than the Fe-Fe exchange parameters. For instance the first nearest neighbors Fe-Pd exchange parameter is only about 2 meV. The main contribution to the magnon dispersion relation comes from the Fe-Fe interatomic exchange parameters. One would therefore expect lower magnon energies for samples with lower concentration of Fe, as it has been observed in the experiment (see Fig. 7 ). Table 3 . The calculated interatomic exchange parameters for one atomic layer of Fe and two atomic layers of Fe 50 Pd 50 random alloy on Pd(001). The interaction between the atoms from the same layer is referred to as intralayer interaction and the one of the atoms from different layers is referred to as interlayer interaction. The letters "I" and "S" denote the interface (the layer next to the substrate) and the surface layer (the layer next to the vacuum), respectively. All values are given in meV. Adopted from Qin et al. [35] . Copyright (2015) by Macmillan Publishers Ltd: Nature Communications.
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Impact of the interatomic distances on HEI in layered magnetic structures
As the HEI describes the overlap of the electronic wavefunctions, changes in the interatomic distance have direct consequences on the HEI. In an atomic dimer formed by magnetic atoms, it is rather straightforward to imagine that the HEI between neighboring moments becomes weaker when increasing the distance between the magnetic atoms. However in the case of ultrathin metallic ferromagnets it is not easy to predict the change in the HEI due to the change of the interlayer distances, as the inter-and intralayer electronic wavefunctions are strongly interconnected. A change in the interlayer distance can lead to a complex reconstruction of the electronic structures. This fact has been investigated in detail for an Fe bilayer [66] . In the experiment it has been observed that magnon energies for the Fe bilayer grown on two layers of Au on W(110) are lower than the ones of Fe bilayer directly grown on W(110). This is surprising at the first glance, as the Fe-Fe interlayer distance in the latter case are larger. First principles calculations have shown that an increase of the interlayer distance of Fe layers leads to an expected decrease of the interlayer exchange parameters. This decrease of the interlayer exchange interaction is associated with the decrease of the interlayer hybridization of the electronic states. At the same time, an increase in the intralayer exchange parameters takes place. The opposite trend of the inter-and intralayer exchange parameters is a consequence of strong redistribution of the electronic states due to the change of the interlayer distance. A careful analysis of the orbitalresolved density of states of the atoms sitting in different layers has shown that the 3d states responsible for the interlayer hybridization (orbitals which are extended along the film normal z i.e. d xz , d yz , and d z 2 orbitals) and those responsible for the intralayer hybridization (orbitals which are expanded in each layer i.e. d x 2 −y 2 and d xy orbitals) respond differently to the change of the interlayer distance. With increasing interlayer distance all 3d states (both majority and minority states) shift to lower energies. This is due to the decreased band width of 3d states. In the case of d x 2 −y 2 and d xy orbitals, however, some additional states appear in the spin-down (minority) density of states near the Fermi level. The appearance of these states results in an enhanced overlap of the xy orbitals which in turn leads to an increase of the intralayer exchange coupling. This is a clear indication that the inter-and intralayer exchange coupling constants in layered structures composed of metallic ferromagnets are strongly interconnected [66] .
Direct evidence of antiferromagnetic exchange interaction in ferromagnetic films
We discussed in Sec. 5.1 that ab initio calculations have predicted that the intralayer exchange coupling in an Fe(110) monolayer on W (110) is of antiferromagnetic nature. However this negative exchange coupling has no significant effect on the magnon dispersion relation. This is partially due to the symmetry of the bcc (110) surface. The negative exchange coupling constant is compensated by the presence of positive higher order interactions. Therefore it is not possible to directly see the consequence of the antiferromagnetic exchange interaction on the magnon dispersion relation at the first glance. In the case of tetragonally distorted Fe(001) and FeCo(001) films it has been shown that the negative exchange coupling constants lead to an anomalous softening of the magnons at high symmetry points of the surface Brillouin zone. In Secs. 5.7.1 and 5.7.2 we discuss the results of those investigations.
The case of tetragonally distorted Fe films on Rh(001)
The magnon dispersion relation measured on a 6 ML Fe film epitaxially grown on Rh(001) is shown in Fig. 8 . Along theΓ-X direction, the magnon energy increases as the wave vector increases. It reaches the maximum value of 102 meV at the zone boundary (X-point). The magnon energy decreases while further increasing of the wave vector. This is the indication of reaching the second Brillouin zone. Such an observation is expected due to the translational symmetry of the two-dimensional Brillouin zone. The key observation is the unusual behavior of the magnon energy versus wave vector along theΓ-M direction. The magnon energy first increases with increasing the wave vector up to about Q = 1.15 A −1 , then it decreases when further increasing the wave vector. This is unexpected as 1.15Å −1 is not the zone boundary. Based on Eq. (4) one can simply show that such a peculiar behavior is not expected for normal ferromagnets with ferromagnetic exchange interaction between all neighbors. If all the exchange parameters are positive, the energy of high symmetryM point has to be larger than the other Q points in the Brillouin zone. The softening of magnons at theM-point is a hallmark of a complex pattern of magnetic exchange interaction, including a large antiferromagnetic component, in the system. First principles calculations have been utilized to quantify the antiferromagnetic HEI in the system [91] . The calculated dispersion relation of the acoustic magnon mode is represented by the solid curve in Fig. 8 (a) . The structural parameters used for the calculations have been taken from the available experimental data. The calculated values of the exchange coupling constants are provided in Fig. 8 (b) , showing a very complex pattern of exchange coupling constants. For instance in the surface layer (named as layer VI in Fig. 8 ) the first (+13), second (+2.5), fourth (+0.5), fifth (+0.6), sixth (+1) and tenth (+0.2) nearest neighbors intralayer exchange constants are positive whereas the third (−2.5), seventh (−0.2) and ninth (−0.3) nearest neighbors intralayer exchange parameters are negative. In the interface layer (depicted as layer I in Fig. 8) , most of the exchange parameters are negative. For instance the first (−1.7), third (−0.8), fourth (−0.2) and sixth (−0.8) nearest neighbors intralayer exchange coupling constants are negative and only the second (+1.2) and seventh (+0.3) nearest neighbors ones are positive. This means that an antiferromagnetic exchange interaction is the dominating interaction in the interface layer. The interlayer exchange coupling constants show also a rather complex pattern. While the first (+17.4), second (+13) and fifth (+3) nearest neighbors interlayer exchange constants describing the coupling of layer I to the top layers are positive, the third (−3.2), fourth (−2), sixth (−0.1), seventh (−0.5), eighth (−0.4) ninth (−0.2) and tenth (−1.1) nearest neighbors interlayer exchange constants (coupling this layer to the top layers) are negative. The interlayer exchange constants describing the coupling of layer VI to the layers below are ferromagnetic and only the third (−1.9), fourth (−2), seventh (−0.4) and tenth (−0.6) nearest neighbors interlayer exchange constants are negative. As it is obvious from Figs. 8 (b) -(e) the exchange coupling constants at the interface are substantially smaller than the ones at the surface. As a result the acoustic magnon mode of the system presented in Fig. 8 (a) is localized at the interface, similar to that of the Fe/Ir(001) system discussed in Sec. 5.3. This has indeed been confirmed by the calculated layer-resolved susceptibility Bloch's spectral function [91] .
In order to understand the origin of the complex pattern of exchange coupling constants one should carefully analyze the layer-, orbital-and spin-resolved electronic structures of the system. Such kinds of analysis have been performed for Fe films on Rh(001) in Ref. [91] and the results are presented in Fig. 9 . The density of states (DOS) of atoms sitting in five different places of the Fe(001)/Rh(001) system are presented and compared: (i) in the topmost Fe layer (surface, denoted as S), (ii) in the second Fe layer below the surface layer of the Fe film (denoted as S-2), (iii) in the interface Fe layer (denoted as I), (iv) in the interface Rh layer and (v) in the bulk Rh. The results are compared to those of the Fe atoms sitting at the surface and in the second layer below the surface of a semi-infinite Fe(001) with the bulk lattice constant.
If one compares the DOS of interface Fe atoms to the DOS of atoms sitting at other places of the film, one realizes that both spin-up and spin-down states of the interface Fe atoms are spread over a larger energy range, compared to the states of the Fe atoms sitting in the other Fe layers. Moreover, some pronounced spin-up states exist near the Fermi-level. These states do not exist in the DOS of the Fe atoms sitting in the surface layer of the Fe film on Rh(001) and also in the DOS of the Fe atoms sitting in the layer S-2 of the film (see Fig. 9 (a) ). The orbital-resolved density of states indicate that these states belong to the ∆ 5 -symmetry orbitals. The pronounced peak in the spin-up states of the surface Fe atoms at −1.9 is of d z 2 and the one at −2.7 eV are of d xz (d yz ) character. These states are largely suppressed and slightly shifted towards negative energies in the DOS of the interface Fe atoms. The spin-down DOS of the interface Fe atoms are different from the DOS of the Fe atoms sitting in the surface layer. The sharp minority surface state, located just slightly above the Fermi-level in the spin-down (minority) DOS of the Fe atoms sitting in the surface layer, is absent in the case of the Fe atoms sitting in the interface Fe layer. Moreover, the peak at about 0.7 eV, is shifted to 1.4 eV and is broadened. This peak is mainly of d z 2 character. Now if one compares the DOS of the interface Rh atoms with the ones of the bulk Rh, one recognizes that the spin-up states in the interface Rh atoms are at lower energies compared to the ones of the Rh atoms sitting in bulk Rh (Fig. 9 (b) ). The spin-down states of the interface Rh atoms are at higher energies with respect to the states of the bulk Rh atoms. A large upward shift of about 1.5 eV is occurred for the spin-down states which are of d z 2 character. The sharp states at about −3.2 eV in the DOS of the interface Rh atoms are caused by a downward shift of the states located at about −2.6 eV in the DOS of the bulk Rh atoms. These states are of d x 2 −y 2 and d xz (d yz ) character. The considerably large states at about −2.5 eV in the spin-down states of the interface Rh atoms are rather small in the spin-down DOS of the bulk Rh atoms. These sates are of d xy , d xz and d yz character. All the differences in the DOS of the interface Rh atoms with respect to the DOS of Rh atoms in the bulk Rh indicate a strong hybridization of the electronic states at the interface, which alters to a large extent the HEI across the film and in particular at the interface. Now one may compare the DOS of Fe atoms located in the surface layer of the Fe films on Rh(001) to the DOS of Fe atoms located at the surface of an Fe(001) semiinfinite slab with bulk lattice parameter (Fig. 9 (c) ). Such a comparison would reveal the importance of the tetragonal distortion on the negative exchange coupling constants. As seen in Fig. 9 (c) , the large spin-up states at the energy of about −1.65 eV in the DOS of the Fe atoms sitting in the surface layer of Fe (001) The observed peculiar magnon softening at theM-point is due to both the tetragonal distortion of the film and also the presence of the Rh substrate. The Table 4 . The calculated values of the magnon softening at theM-point for different values of interlayer spacing for the Fe/Rh(001) system. The values of the Fe-Rh and Fe-Fe interlayer spacing are given in column 2 and 3, respectively. Column 4 shows the ratio of the height of the unit cell divided by in-plane lattice parameter (c/a = 1 corresponds to a cubic structure). The last column represents the ratio of the magnon energies atM-andX-points, indicating theM-point softening.
Case Fig. 10 (a) . The calculated values of the exchange coupling constants are plotted in Fig. 10 suggested the presence of a magnetic "dead layer" [93, 94] at the interface. Scanning tunneling microscopy and spectroscopy investigations by Takada et al. have shown that the magnetic unit cell of Fe monolayer on Rh(001) is rather complex, indicating a complex noncollinear AFM ground state [95] . Similarly a complex spin structure is suggested for FeCo/Rh multilayers [96, 97] on Rh(001) based on the analysis of the magneto-optical Kerr effect and polarized soft x-ray resonant magnetic reflectivity data. Theoretical calculations have predicted that the AFM configuration is favored for the Fe monolayer [98, 99] . The direct measurements of the exchange coupling parameters via magnon spectroscopy indicates that a large antiferromagnetic exchange interaction is present in the system, which can lead to a complex AFM ground state depending on the film thickness.
The important message here is that the pattern of the magnetic exchange parameters in a 3d ferromagnetic film on a nonmagnetic substrate can be extremely complicated. Although the film may show a typical ferromagnetic hysteresis loop, the HEI across the film can be of both FM and AFM nature. Such a complicated pattern of the exchange coupling constants can be quantified by looking at the dynamics of the system i.e. by magnon spectroscopy.
The case of tetragonally distorted Fe/Co multilayers on Rh(001) and Ir(001)
Ab initio calculations predict a magnon softening in the case of FeCo multilayers on both Rh (001) and Ir(001) surfaces (see the solid curve in Fig. 4 (a) ). For the case of FeCo multilayers on the Ir(001), in the earlier experiments the data points close to theM-point were missing. The system has therefore been revisited experimentally. The new experimental data along theΓ-M up to theM-point are shown in Fig. 11 . A clear magnon softening at theM-point is observed which is mainly due to the antiferromagnetic nearest neighbors intralayer coupling (see Fig. 4 (c) ).
Ab initio calculations of the magnon dispersion relation of tetragonally distorted bulk FeCo compound considering three different c/a ratios (1.13, 1.18, and 1.24) have shown also a magnon softening at the M-point as a result of the antiferromagnetic exchange coupling constants. The results of those calculations are summarized in Tab. 5. The larger the tetragonal distortion the softer the magnons at the M-point (see the last column of Tab. 5). The physical origin of this antiferromagnetic exchange coupling is the same as the one of the tetragonally distorted Fe films on Rh(001), as discussed in the previous section.
Direct probing of the interfacial Dzyaloshinskii-Moriya exchange interaction
The magnetic energy contribution associated with DMI in bulk 3d ferromagnets is zero. This is due to the following reasons. Firstly, the spin-orbit interaction in bulk 3d ferromagnets is very small. Secondly, the bulk 3d ferromagnets possess centrosymmetric structures. However, in the case of ultrathin ferromagnetic films of 3d ferromagnets grown on heavy-element substrates the spin-orbit coupling is no longer a small perturbation. The inversion symmetry is also broken at the surface/interface. As a matter of fact it has been demonstrated that a strong spin-orbit coupling in the presence of the broken symmetry leads to DMI, which stabilizes a noncollinear spin structure for a Mn monolayer grown on the W(110) [11] and W(100) [12] surfaces. It has further been shown that DMI is also active in the Fe monolayer and bilayer on W(110) and plays a crucial role in the determination of the magnetic ground states of these systems [101, 13, 14, 102] . In this section we discuss how the dynamical excitations are influenced by DMI and how the magnon spectroscopy maybe used to quantify the strength of this interaction.
Fe monolayer on W(110)
As discussed in Sec. 2.2 the presence of DMI in the system shall break the degeneracy of the magnons with opposite wave vectors. A model system for investigating the impact of DMI on the magnon dispersion relation is the Fe monolayer on W(110). Based on ab initio calculations Udvardi and Szunyogh have predicted that the influence of the DMI on the magnon dispersion relation of an Fe monolayer on W(110) is strong enough to be observed experimentally [28] . Another candidate for such an investigation is the Fe bilayer on the same surface. The physics is very much the same as the one of the Fe monolayer. In the next section we discuss in detail the first experimental evidence of the influence of DMI on the magnon dispersion in an Fe bilayer on W(110). We discuss how the components of the DM vector can be quantified by probing the DMI induced energy asymmetry of magnons.
Fe bilayer on W(110)
In the SPEELS experiments the spectra are usually recorded at a fixed wave vector for two possible spin orientations of the incoming electron beam [44, 45, 67, 48, 50] . The conservation of the angular momentum during the scattering prohibits magnon excitations for incoming electrons with a spin polarization antiparallel to the sample magnetization. Only electrons having spin parallel to the sample magnetization can create magnons. The electrons with spin antiparallel to the magnetization can annihilate the thermally excited magnons and gain energy (see Sec. 4.3 for more detail). These facts lead to a peak in the minority spin spectra (I ↓ ) in the energy loss region and a peak in the majority spin spectra (I ↑ ) in the energy gain region, in analogy to the Stokes and ani-Stokes peaks in the BLS experiments. At room temperature the amplitude of the peak due to the magnon annihilation (in the energy gain region) is much smaller than the one caused by the magnon creation. This gives rise to a pronounced peak in the energy loss region and a small dip in the energy gain region of the difference spectra defined as I Diff. = I ↓ − I ↑ . The dip in the gain region is small. This is due to the fact that magnons are bosons and obey the Bose-Einstein statistics. The ratio of the loss to gain amplitude is given by the Boltzmann factor. Both gain and loss features can be better seen when plotting the asymmetry spectra Asy. =
In the absence of DMI the magnon dispersion has to be symmetric. This means that the position of the peak and dip in the loss and gain region has to be at the same energy. In addition if one measures the magnon spectra for negative and positive wave vectors, the spectra have to be identical.
In Fig. 12 the difference and asymmetry spectra measured on an Fe bilayer on W (110) Figure  12 demonstrates that for the case of positive Q the magnon creation peak in the energy loss region is at higher energies, whereas the magnon annihilation peak in the gain region is at lower ones. A similar behavior can be observed when looking at the asymmetry spectra. In the case of negative Q a fully opposite trend is observed meaning that the magnon annihilation peak is at higher energies whereas the magnon creation peak is at lower energies. This observation by itself can be regarded as a strong evidence of DMI. Another strong evidence comes from the measurements of the same spectra but with opposite M. In fact reversing M is somewhat equivalent to a time inversion experiment. A time-reversed experiment means that the position of the source and the detector is interchanged in the scattering experiment and the electrons travel the revered path when they are scattered from the surface. The propagation direction of magnons is also reversed. In the case of reversed M the magnon excitation peak for negative Q is at higher energies with respect to the one for positive Q. A similar effect happens for the gain features. The conclusion of those results is that the presence of DMI leads to an asymmetric magnon dispersion relation when the magnons with the wave vector perpendicular to the magnetization are measured. It is worth mentioning that DMI influences not only the magnon dispersion relation, it also alters their lifetime. It has been observed that magnons with ±Q possess a different lifetime ∆ ε
[meV]
(c) Figure 13 .
(a) The magnon dispersion relation measured on an Fe bilayer on W (110) . The dispersion relation is measured at room temperature and for two opposite directions of magnetization being [110] and [110] when propagating along opposite directions, perpendicular to M [104] , in line with the results of dynamical susceptibility calculations [65] . This is clearly visible by looking at the linewidth broadening of the difference spectra presented in Fig. 12 . A more detailed explanation of this so called chiral damping does not belong to the main topic of the present review and may be find elsewhere [104] . Recently it has been discussed that both the asymmetric magnon dispersion relation and the chiral damping display striking similarities with the Rashba type of effects on fermionic quasi-particles (electrons and holes) in solids [105] .
While investigating a thin ferromagnetic film, one can, in principle, measure the magnon dispersion relation for all the possible scenarios. The possible scenarios are (i) keeping the direction of M fixed and probing the magnons with positive and negative Q and (ii) reversing the direction of M and probing again the magnons with ±Q. A summery of such measurements is provided in Fig. 13 . In order to quantify DMI the energy asymmetry should be obtained from the experimental data. Starting with Eq. 7 and considering the symmetry of the Fe(110) surface unit cell one can derive the bilayer (Exp.) [103, 104] bilayer (Cal.) [68, 83] 
following equation for ∆ε:
Here the ± sign represent the different directions of M, a is the in-plane lattice constant of Fe which is the same as the one of the W substrate (3.16Å) and D (110) is a right rotating spiral has been experimentally confirmed by means of spin-polarized scanning tunneling microscopy experiments [102] . The DMI vectors can be calculated from first principles (for details on the methodology see for example [27, 28, 101, 16, 68] 
Using the values of D The method described above is the most direct and straightforward way of probing the DMI vector, as it relies only on the direct measurement of the DM energy. The great advantages of this method with respect to the static measurements are, firstly, both the symmetric HEI and DMI can be quantitatively determined in one experiment. Secondly, as these two interactions influence the magnon dispersion relation differently, one can quantify one without knowing the other. This can be done without performing any complex calculation and data analysis. The DMI term is simply proportional to the energy asymmetry measured in the experiment. In the static measurements based on the analysis of domain walls one first needs to describe all the energy terms, including the DMI energy, precisely. The magnetic ground state can then be obtained by minimizing the magnetic free energy of the system. Only a correct description of the magnetic ground state leads to the quantification of DMI.
As discussed above DMI leads to the fact that the transversal magnons (the magnons with the propagation direction orthogonal to the magnetization) possess different lifetime and amplitude when propagating along opposite directions. These differences in the lifetime and amplitude together with differences in the group velocity v g = 1 (∂ε/∂Q)Q, caused by the asymmetric magnon dispersion relation, lead to a substantial difference in the propagation behavior of magnons with the same energy along two opposite directions. The asymmetric propagation of magnons' wave packet can be considered as another evidence of the presence of DMI. This effect opens a possibility to probe DMI by probing the magnon wave packets by means of experimental methods which enable probing the magnons in real time and space, as suggested in Ref. [104] .
Recently, low wave-vector magnon excitations by means of microwave [106, 107] or light scattering [108, 109, 110] have been utilized to address the strength of DMI. In the BLS experiments, the Stokes and anti-Stokes modes are found to appear at different frequencies. The measured frequency asymmetry of the magnons with Q and −Q (∆ω = ω(Q)−ω(−Q)) is found to scale linearly with the wave vector. This frequency shift has been used to quantify the strength of DMI. There are a few important points which one has consider, when investigating DMI by using low energy excitations. First, in thin ferromagnetic films the presence of the dipolar interaction and the magnetic anisotropy can lead to the unidirectional Damon-Eshbach surface mode [111, 39] . Since DMI is present in the systems with broken inversion symmetry, the interface Hence, a precise determination of DMI requires a careful consideration of the nonreciprocal behavior of Damon-Eshbach mode and the influence of the interfacial magnetic anisotropy. Second, the low wave vector excitations are dominated by the dipolar interactions and magnetic anisotropy. As we discussed in Sec. 2.2 the quantum mechanical origin of DMI is somewhat similar to the symmetric HEI and hence one needs to investigate the large wave vector excitations (the excitations with short wave length) in order to be able to provide a true microscopic picture of DMI. The linear Q dependence of ∆ω is no longer valid for large Q values, as can be seen from the data presented in Fig. 13 . Third, DMI is an antisymmetric interaction which should be best represented by a matrix (or at least with a vectorial) quantity. Such a physical quantity can only be well described when all the components are precisely measured. In the interpretation of the experiments based on low wave vector magnons DMI is treated as a scaler. In order to provide a comparison between the strength of DMI in different magnetic structures in Tab. 7 we summarize the value of D DM I measured by different experimental methods. This quantity is simply determined by the linear relation between ∆ε (or ∆ω) and Q. The experimental values reported in literature are fitted by Eq. (12) and the value of D DM I is obtained. The largest value of D DM I is reported for the Fe bilayer on W(110), while the smallest one is found for the Ni 80 Fe 20 /Pt structure. It is important to notice that in the experiments based on low-wave vector excitations the nonreciprocal contributions, caused by dipolar and anisotropy fields, are not usually subtracted. This may lead to a large uncertainty of D DM I obtained in this way.
Summary
The pattern of the magnetic exchange parameters in a few atomic layers of a 3d ferromagnetic element grown on a nonmagnetic substrate can be very complex, even though the whole structure may show a rectangular hysteresis loop. Magnon spectroscopy provides a unique way of quantifying magnetic exchange interaction in such layered magnetic structures. The pattern of the exchange parameters can be measured by analyzing the full spectrum of magnon dispersion relation and comparing it with the results of first principles calculations. Of particular interest are the exchange parameters at the interface. These quantities can be quantified by probing the acoustic magnon mode of the system. The approach can be used for single element multilayers as well as multilayers composed of layers of different materials.
Tetragonally distorted ferromagnetic films may exhibit a large antiferromagnetic exchange interaction. The signature of this unusual antiferromagnetic exchange interaction can be observed in the magnon dispersion relation at the high-symmetry points.
In addition to the symmetric HEI the antisymmetric DMI can also be measured by probing the energy asymmetry of the dispersion relation of magnons propagating orthogonal to the sample magnetization. This is the most straightforward and direct way of probing DMI.
The magnon spectroscopy approach, described in this Topical Review, can be applied to a vast verity of magnetic films and multilayers grown on nonmagnetic substrates, in order to quantify the strength of the symmetric as well as the antisymmetric exchange interaction.
